A tensile test was conducted to evaluate thermal fatigue resistances of Sn-Bi (-Ag) and Sn-Ag-Bi-Cu lead-free solder alloys. The test is based on the strain rate change method to obtain a strain rate sensitivity index (SRSI), m. The m values were investigated at various strains during the tensile test, until fracture. The plots of m and strain where m is measured showed a linear relationship. Therefore, the m value at zero strain, m 0 , and the gradient of the fitting line, k, were obtained by extrapolation. Using m 0 and k values, an estimation of the thermal fatigue resistance of the solder joint was attempted. It was believed that m 0 and k can be taken as a guide for developing a new lead-free solder with the excellent thermal fatigue resistance. Moreover, the influences of the aging treatment on m 0 , k and the microstructure of the solder were also investigated.
Introduction
This study aimed to investigate the strain rate sensitivities of several Sn-Bi(-Ag) and Sn-Ag-Bi-Cu lead-free solders by the strain rate change test, and also aimed to estimate their thermal fatigue resistances by the strain rate sensitivity index (SRSI). The effect of content of Ag, in Sn-Bi-Ag, on the SRSI and microstructure, and the effect of aging on them was also investigated.
Experimental Procedures
The solders, studied in this paper, are several Sn-Bi(-Ag) alloys and Sn-Ag-Bi-Cu, as shown in Table 1 . A rod-shaped tensile test specimen, with 50 mm gauge length and 10 mm diameter, was machined from the cylindrical ingot. The tensile test specimen was aged at 120 °C for 168h and 504h before the tensile test, to investigate the influence of the aging treatment on the mechanical properties. Microstructural observations were performed for each specimen, using electron probe Xray microanalysis (EPMA). The strain rate change test was performed at room temperature using an Instron-type tensile-test machine. The test was started under a cross-head speed of 3mm/min and strain rate of 1.0x10 -3 s -1 . To obtain SRSI, m, the cross head speed was changed to 0.3mm/min, with a strain rate of 1.0x10 -4 s -1 , repeatedly until fracture. Figure 1 shows an example of a stress-strain curve of the Sn-2.5Ag-1Bi-0.5Cu solder. The m was calculated from the following equation: m= (log(P A /P A' )/(log(v 1 /v 2 )); where P A is the stress under a cross-head speed; v 1 =3mm/min(strain rate of 1.0x10 -3 s -1 ); P A' is the stress under a cross-head speed; v 2 =0.3mm/min (strain rate of 1.0x10 -4 s -1 ). When the obtained m is plotted against the strain where the m is measured, the plots usually show a linear relationship [1] . Thus, the m at zero strain, m 0 , is obtained by extrapolating the relation between m and the strain where the m is measured. Moreover, the gradient k is also investigated as the slope of the fitting line.
Results and Discussion
Microstructures. Figure 2 shows the back-scattered electron images of initial microstructures of the solders' as-cast condition. The bright gray area was identified as β-Sn phase, by EPMA mapping analysis, in Sn-2.5Ag-1.0Bi-0.5Cu solder. The phase is primary Sn phase. On the other hand, the dark gray area was identified as Sn phase in Sn-Bi(-Ag) eutectic solders. Grain size increases as Ag content increases [2] . Microstructures were also observed in the solders after aging at 120˚C for 504h, as shown in Fig.3 . In Sn-2.5Ag-1.0Bi-0.5Cu, dark gray and bright-gray phases in the eutectic microstructure correspond to Cu-Sn compounds and Ag 3 Sn, respectively. Eutectic SnBi(-Ag) grain size increased after aging and large Sn-rich phase appeared. Sn-2.5Ag-1Bi-0.5Cu
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Sn-57.5Bi-0.5Ag Sn-57Bi-1.0Ag Strain rate sensitivity index of lead-free solders. Figure 4 shows the relationship between m and strain in specimens without aging, as cast condition. The m values of Sn-Ag-Bi-Cu and Sn-Bi(-Ag) lead-free solders are lower than that of the Sn-37Pb solder. The k gradients of Sn-2.5Ag-1.0Bi-0.5Cu solder are lower than that of Sn-37Pb. This means, the lead-free solder, which have low m 0 and k, have better resistance to creep than the Sn-37Pb solder. Figure 5 shows the influence of the aging treatment on m 0 . Although m 0 of the Sn-37Pb solder decreases with increasing aging time, it is much higher than those of the lead-free solders under aging conditions investigated. On the contrary, m 0 initially increases til the aging time of 168h and afterward, it saturates in Sn-Bi-(Ag) lead-free solder. Since the microstructures are relatively stable in aging time ranging from 168h to 504h, the saturation of m 0 would be observed in the lead-free solders. In the case of the Sn-Ag-Bi-Cu lead-free solder, though the growth of Ag 3 Sn and Cu-Sn compounds occurs under aging conditions [3] , m 0 maintains almost the same value as before aging. Thus, Sn-Ag-Bi-Cu lead-free solder maintains higher creep resistance due to Bi solution. 
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exposure conditions, m 0 and k values after aging are effective to investigate the thermal fatigue resistance of the solder. Thus, m 0 and k values after aging at 120°C for 504h were used for the analysis in this study. Figure 6 shows the relationship of m 0 , k, which were investigated with specimens after aging at 120°C for 504h, and the thermal fatigue life (N f ) in Sn-37Pb, Sn-Ag-Bi-Cu and Sn-Bi(-Ag) evaluated by the thermal cycle test [4, 5] . Except Sn-Bi alloy, the ranking of 1/m 0 is relatively in agreement with that of the thermal fatigue life; although, the discrepancy exists in the ranking of 1/k, which might be rather related to the fatigue in severely strained condition. It is thought to be caused by the severe stress concentration in thermal fatigue test since the small chip resistors and ceramic plates solder joints were used [5] . Further experiments with the identical alloy compositions and proper specimen size might be needed for the quantitative estimation of the fatigue resistivity.
Summary
Several Sn-Bi(-Ag) and Sn-Ag-Bi-Cu lead-free solders were investigated by the strain rate change test. The estimations of the thermal fatigue resistance of the solders were conducted using the SRSI. The m 0 values of Sn-Ag-Bi-Cu and Sn-Bi(-Ag) lead-free solders are lower than those of Sn-Pb eutectic solder. It means the lead-free solders have the excellent creep resistances compared Sn-Pb eutectic solder. The k values of Sn-Bi(-Ag) lead-free solders are higher than those of Sn-Pb eutectic solder. It means Sn-Bi(-Ag) solder has poor creep resistances in the severe deformation range. The aging treatment at 120°C slightly decreases m 0 of Sn-Ag-Bi-Cu lead-free solders. The influence of aging on the strain rate sensitivity and the microstructure of the lead-free solder are negligible in the aging time, ranging from 186 h to 504 h. The ranking of the reciprocals m 0 in the solders is relatively in agreement with that of the thermal fatigue lives, evaluated by the thermal cycle test; though, the discrepancy appears in k. The m 0 and k are believed to be effective guides for developing a new lead-free solder with excellent thermal fatigue resistance. 
